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Several natural cytotoxic C,-symmetric bis-lactones, such as swin-
holide A and rhizopodin, sequester actin dimer from the actin
network and potently inhibit actin dynamics. To develop new
protein—protein interaction (PPl) modulators, we synthesized struc-
turally simplified actin-binding side-chain dimers of antitumor
macrolide aplyronine A. By fixing the two side-chains closer than
those of rhizopodin, the C4 linker analog depolymerized filamen-
tous actin more potently than natural aplyronines. Cross-link
experiments revealed that actin dimer was formed by treatment
with the C4 linker analog. Molecular dynamics simulations showed
that this analog significantly changed the interaction and spatial
arrangement of the two actins compared to those in rhizopodin to
provide a highly distorted and twisted orientation in the complex.
Our study may promote the development of PPl-based anticancer
and other drug leads related to cytoskeletal dynamics.

Actin filament is an essential component of the cytoskeleton in
eukaryotes, and modulation of its protein—protein interactions
(PPIs) is a promising method for controlling cytoskeletal
dynamics and cellular signaling pathways.' Several marine cyto-
toxic macrolides are known to potently depolymerize actin and
form a 1:1 complex, such as in aplyronine A (ApA) (Fig. 1c),”™*
mycalolides/kabiramides,” and reidispongiolide A,° which have
similar 11-carbon aliphatic side-chains terminating in an N-
methyl enamide group. These side-chains similarly insert into
the hydrophobic cleft of actin, sequestering the actin monomer
(G-actin) and inhibiting polymerization to filamentous actin
(F-actin).” In addition, ApA is a unique PPI inducer for actin
and o,B-tubulin heterodimer to inhibit microtubule assembly
against cancer cells (ICso = 10 pM against the human cervical
carcinoma cell line HeLa S$3).* The basis of the molecular
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interaction between ApA and actin has been established
by X-ray crystallography (PDB ID: 1WUA),’ photolabeling
experiments,'® and binding kinetics analysis.'' In addition,
recent molecular modeling studies have proposed the structure
of actin-ApA-tubulin heterotrimeric complexes and their inhibi-
tory effects on microtubule assembly."”

In addition to monomeric macrolides, several natural bis-
lactones sequester the actin dimer from the actin network, and
potently inhibit the nuclearization and polymerization of
actin." For example, swinholide A and bistheonellide A are
44- and 40-membered, C,-symmetric dimeric lactones from
the marine sponge Theonella swinhoei.® All of these natural
bis-lactones intervene between two actin molecules, form tertiary
complexes with each of its side-chains bound to G-actin, and
inhibit polymerization to F-actin."* In addition, rhizopodin, a 38-
membered, C,-symmetric bis-lactone from the myxobacterium
Myxococcus stipitatus,*>'® also shows potent cytotoxicity and
actin-depolymerizing activity (Fig. 1a). It bears two sets of oxazole
rings and C11 side-chains that terminate in N-methyl enamide
groups. X-ray crystallographic analysis of the actin-rhizopodin
complex'” revealed that each of its side-chains binds to the
hydrophobic clefts of subdomains (SD) 1 and 3 on two different
actin molecules to form a 2:1 complex (Fig. 1b). Through the
C1-C18 and C1’-C18’ bis-lactone structure, including two pairs
of rigid oxazole and diene moieties, rhizopodin fixes the spatial
arrangement of its side-chain parts, and induces PPI between
two actin molecules.

In our continuing studies on the structure-activity relation-
ships (SAR) in actin-depolymerizing macrolides,'® we reported
structurally-simplified C29-C34 side-chain analogs of ApA,
including 1 which possesses a C23 acetoxy group that mimicks
the C1 lactone carbonyl group, the C29 N,N-dimethyl-i-alanine
ester, and the C34 N-methyl enamide moiety as minimum
functional groups (Fig. 1d)."® Interestingly, the binding mode
of 1 to actin, particularly in the C29-C34 part, is highly similar
to those of the C24-C29 and C24'-C29’ parts of rhizopodin, as
well as that of ApA (Fig. 1b). Therefore, by mimicking its unique
PPI-modulating activity, we expected to develop novel ligands
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Fig. 1 Design of actin-binding side-chain dimers of aplyronine A (ApA) inspired by the bis-lactone rhizopodin. (a) Structures of actin-depolymerizing
natural product rhizopodin. Actin-binding sites are highlighted in rounded yellow squares. The lactone carbonyl carbon atoms (C1 and C1’) and terminal
enamide nitrogen atoms are highlighted in pink and blue circles, respectively. (b) Binding modes of rhizopodin (magenta) and the ApA side-chain analog 1
(green) on actin. The actin-1 complex obtained by molecular modeling studies'® was superimposed on the actin-rhizopodin complex (left) and viewed
from the bottom side (right). (c)—(e) Structures of ApA and its side-chain monomer and dimer analogs in this work.

that potently inhibit actin-polymerization dynamics. Here we
describe the design and development of side-chain dimer
analogs of ApA in which two molecules of 1 are linked as in
bivalent actin-depolymerizing bis-lactones, and evaluate their
biological activities and binding modes with actin.

In the X-ray crystal structure of the actin-rhizopodin complex,"”
the distance between C1 and C1’ carbonyl carbons was 10.6 A.
Thus, we designed side-chain dimers 3 and 4 connected at the C23
and C23’ acyloxy groups by using succinate (C4) and sebacate (C10)
linkers (Fig. 1e). The distances between the linker ester carbons in 3
and 4 were estimated to be 3.9 and 11.4 A, respectively, when their
alkyl chains had zigzag orientations. We initially expected that 3
would be unable to form a complex with actin dimers as with
rhizopodin, whereas 4 could form such a complex and improve the
activity of 1.

Condensation of primary alcohol 2'° with succinic acid or
sebacic acid in the presence of EDC-HCI and DMAP gave C4
analog 3 (26%) and C10 analog 4 (32%), respectively (See ESIt
for details). The biological activities of 3 and 4 were compared
to those of natural aplyronines and monomeric side-chain
analogs (Table 1). In the in vitro F-actin sedimentation assay
using ultracentrifugation, the amount of F-actin in the
precipitate fraction was reduced by treatment with 3 or 4 in a

Table 1 Biological activities of ApA and its derivatives

Actin-depolymerizing
activity® ECso (UM)

Cytotoxicity ICso (LM)

Compound for 3 uM actin HCT116 HEK293
Aplyronine A 1.4° [1.3]° 1.0 x 10°* 42 x 107"
Aplyronine C —1.4)° 2.1 x 1072 2.5 x 102
1 8.8¢ 20 >50

2 274 >50 >50

3 (Ca) 1.0 2.5 >50

4 (C10) 20 1.0 32

“ Values indicate the concentrations required to depolymerize F-actin (3 M
for monomer) to 50% of its control amplitude. Averages of two reproducible
runs are shown. ? See ref. 18. © Not examined. ¢ See ref. 19. ¢ Determined
by the fluorescence intensity of pyrenyl actin. See ref. 8b.

This journal is © The Royal Society of Chemistry 2024

dose-dependent manner (Fig. S1, ESIT). Notably, the C4 dimer 3
showed more potent activity (ECs, = 1.0 uM against 3 uM actin)
than ApA and aplyronine C (ApC, a natural congener of ApA
that lacks the C7 ester) (ECso = 1.3-1.4 pM)® as well as
monomeric analogs 1 and 2." It is noteworthy that 3 showed
more potent actin-depolymerizing activity than ApA, despite the
weaker binding affinity of 1 than that of ApA (K, values of their
biotin derivatives were 10.1 and 5.2 uM, respectively, based on
the Bio-Layer Interferometry analysis). Meanwhile, the C10
dimer 4 also showed moderate activity (ECs, = 20 uM), but this
activity was weaker than those of 1 and 3.

As for cytotoxicity, both 3 and 4 moderately inhibited the
proliferation of the human colon cancer cell line HCT116
(ICso = 2.5 and 1.0 pM, respectively), and were 8 and 20 times
more potent than 1. However, even with the more active 4, its
cytotoxicity was 10000 and 48 times weaker than those of ApA
and ApC, respectively. A similar cytotoxicity profile was observed
against human embryonal kidney-derived HEK293 cells. Pre-
vious SAR studies using HeLa S3 cells showed that several
side-chain analogs of aplyronines and mycalolides exhibited
potent actin-depolymerizing activity, but little cytotoxicity
(ICso > 10 pM).”'®'® In addition, fluorescent aplyronines have
been shown to rapidly accumulate in the cytoplasm and disassem-
ble the actin cytoskeleton in cells.”® Thus, despite showing much
less cytotoxicity than natural aplyronines, both 3 and 4 with an alkyl
diester linker might penetrate cells more easily than 1 and 2, and
effectively interfere with actin dynamics in HCT116 cells.

To explain the high actin-depolymerizing activity of the C4
analog 3, we attempted to observe its actin dimer complex in
solution. However, no dimer or oligomer formation was
detected by gel permeation HPLC or Native-PAGE analysis
due to the weak interaction of the side-chain moiety with
actin®® (Fig. 2a, b, and Fig. S2, ESI}). Thus, the actin-3 complex
was treated with NHS-diazirine followed by UV;¢5 irradiation to
form covalent bonds. SDS-PAGE analysis revealed that a cross-
linked actin dimer (86 kDa) was formed only in the presence of
3 (Fig. 2c), which supported the formation of the 2:1 actin-3
complex in solution.
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Fig. 2 Observation of the actin dimer complex with 3. (a) Gel permeation
HPLC analysis. The monomeric actin—ApA and actin—-3 complexes were
detected (tg = 20.3 min), but not their dimeric ones (expected tgr =
17.8 min). (b) HR-CN (high resolution clear native) PAGE analysis. The actin
complex with ApA was detected as a major band at 43 kDa (monomer), but
not with 3. (c) Cross-link experiments. Actin (5 pM) was treated with NHS-
diazirine in the absence or presence of 3 (25 uM) in G-buffer at rt for 20 h,
followed by UVzgs irradiation for 1 min. An arrow indicates the cross-linked
actin dimer (86 kDa) on SDS-PAGE.

To explain the unique activities of 3 and 4, docking simula-
tions with two actin molecules were performed. The initial
models of the actin-3 and actin-4 complexes were constructed
from two sets of an actin-1 complex'® superimposed on an
actin-rhizopodin complex (Fig. 1b). In the lowest-energy models
obtained by docking simulation using rigid models, both 3 and
4 similarly bound to actin at the binding site of 1. We next
performed molecular dynamics (MD) simulations to obtain reli-
able models of the 2:1 actin-side-chain dimer complex. Using
YASARA software, we evaluated actin-3, -4, and -rhizopodin com-
plexes at a density of 0.997 g mL ™", 298 K, and pH 7.4. After 100 ns
simulations, all three complexes were relatively stable, but the
actin-3 complex exhibited the largest fluctuation in terms of the
conformational stabilities of the actin and ligands (RMSD = 8.71
and 5.74 A on average, respectively), followed by the actin-4
complex (6.30 and 4.24 A) and the actin-rhizopodin complex
(3.84 and 2.20 A) (Fig. 3, ESIY). Similarly, for the actin-3 complex,
the binding energy significantly decreased and the radius of
gyration increased, whereas these changes were relatively small
in the other two complexes.

In the crystal structure of the actin-rhizopodin complex, two
actin molecules almost directly face each other (Fig. 1b). This
arrangement facilitates PPI at SD1 of one actin and SD3 of the
other actin, and vice versa. In fact, two pairs of electrostatic
attractions by oppositely charged residues (Lys328 and Asp25)
are observed, along with several hydrophobic interactions,
such as at Gly23, Asp24, Pro333, and Glu334 (Fig. S4, ESIT).
Meanwhile, our MD simulations for 100 ns revealed that these
PPIs and interactions with rhizopodin were well maintained
(Fig. S5 and S6, ESIT). As for 3 and 4, both of their side-chain
moieties interacted with actin and stabilized PPIs between SD1
and SD3 of two actins, similar to rhizopodin (Fig. 3a). The
protein-ligand interactions diagram calculated with MOE also
showed that the hydrophobic contacts of 3 and 4 on actin were
highly conserved with those of the C29-C34 part of ApA®**® and
1," including Tyr143, Gly146, Thr148, Gly168, Tyr169, Leu346,
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Fig. 3 Structures of actin dimer complexes with 3 and 4 obtained by MD
simulation for 100 ns. (a) PPI analysis. Interacting residues of the two actin
chains are shown as magenta and cyan surface models, respectively.
Ligands are highlighted with green stick models. (b) Structures of the
ligands on the actin complex. Two molecules of ligand 1 on actin (grey)
obtained by the docking simulation using induced-fit models®® are super-
imposed. The lactone carbonyl carbon atoms and terminal enamide
nitrogen atoms are highlighted with pink and blue circles, respectively.
The distances between the two ester atoms and the two terminal enamide
N atoms of the ligands are shown in A.

Leu349, Thr351, Phe352, and Met355 (Fig. S6, ESIT). However,
the two actins had a highly distorted and twisted orientation on
the actin-3 complex, whereas they aligned parallel and faced
frontally on the actin-4 complex. In the actin-3 complex, several
residues around the ligand participated in the PPIs, such as
G146, L349, S350, and T351, which were not included in the
actin-rhizopodin complex (Fig. S7, ESIT).

The distance between the two linker ester carbons in the
actin-3 complex was only 3.2 A, which was much smaller than
those of rhizopodin and 4 (10.2 and 8.1 A, respectively) (Fig. 3b).
Therefore, the two actins bound to 3 had their ligand-binding
sites closer to each other than those of rhizopodin and needed to
adopt a highly distorted structure. This effect might enable 3 to
sequester the actin dimer from the microfilament network, and
to enhance in vitro actin-depolymerizing activity. On the other
hand, 4 linked with sebacic acid maintained PPI between two
actins at an appropriate distance similar to lysopodin. However,
unlike rhizopodin (Fig. S5, ESIT), 4 did not induce PPI at the top
site (around Ser239-Glu241), but instead induced a salt bridge
between Asp25 and Arg147. These differences might give flex-
ibility to the actin dimers with 4, and decrease activity.

For comparison, MD simulations of phthalate 5 and 4,4’-
biphenyldicarboxylate 6 were performed for 50 ns (Fig. S8 and
S9, ESIf). Due to rigid and conjugated sp> carbon linkers, the

This journal is © The Royal Society of Chemistry 2024
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distances of the terminal ester carbons in 5 and 6 are almost
fixed at around 3.1 and 9.7 A, respectively. As a result, 5
produced a distorted dimeric actin complex similar to 3, while
6 gave a parallel complex similar to 4, along with similar PPIs
between SD1 and SD3 of actin (Fig. S10, ESIt). These results
suggested that the length of the linkers was highly important
for actin-binding side-chain dimers to fix their spatial arrange-
ment and modulate PPIs on the actin dimer.

In summary, we developed structurally simplified side-chain
dimers of an antitumor macrolide ApA that regulates actin-
polymerization dynamics in a unique fashion. In particular, the
C4 linker analog 3 depolymerized F-actin more potently than
natural aplyronines by fixing the two actin-binding side-chains
closer than those in bis-lactone rhizopodin. Further application
of actin-dimerization inducers may promote studies on the
modes of action related to cytoskeletal dynamics, as well as
the development of PPI-based anticancer and other drug leads.
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